Intergranular surface cracking occurring only in the inner decarburization zone of plain carbon steel tubes during cooling after the decarburization is understood in the light of the grain boundary segregation of phosphorus, the thermal tensile stress developed in the decarburization zone and the dependence of yield and grain boundary strengths on temperature.
Introduction
It is well-known that low alloy steels tempered in the range 350-600°C or slowly cooled through this temperature range often exhibit an increase in the ductile-brittle transition temperature and a change in the low temperature fracture mode from transgranular to intergranular. [1] [2] [3] [4] This is due to the grain boundary segregation of impurity atoms such as P, As, Sb and Sn. The grain boundaries can be also embrittled when the dissolved carbon content is decreased. One example is that in Fe-C-P ternary alloys containing phosphorus the decrease in dissolved carbon content results in the increase in grain boundary segregation concentration of phosphorus. 5) A similar situation can be observed during decarburization of low alloy steels containing phosphorus. 6) After the decarburization, the grain boundary segregation concentration of phosphorus increases and the fracture mode at the liquid nitrogen temperature is changed from transgranular to intergranular. It has been recently reported that intergranular cracks or a film type of grain boundary oxides existing at the free surface of the decarburization zone can act as pre-cracks of intergranular stress corrosion cracking (IGSCC) in ASTM A-106 Grade B steel tubes. 7) The steel is generally used as a feeder material in nuclear power plants which operates under the condition (temperature of 310°C, pressure of 100 bars and dissolved oxygen of 2 ppb). The addition of chromium to carbon steels can result in such a change in fracture mode. This is because the formation of chromium carbides during holding or using at an intermediate temperature decreases the dissolved carbon content and as a result increases the grain boundary segregation concentration of phosphorus. 8) It is the purpose of this study to investigate effects of decarburization on grain boundary segregation of P and intergranular surface cracking in plain carbon steels. First, the decarburization zone depth and the intergranular cracking behavior are investigated at the inner and outer surfaces of steel tubes. Second, during decarburization and subsequent cooling, effects of phase transformation of austenite to ferrite or ferrite + pearlite and temperature difference between the free surface and the interior on stress development near the free surface are discussed. Third, the grain boundary segregation behavior of solutes during decarburization and the fracture behavior are investigated. Finally, the dependence of yield and grain boundary strengths on temperature is introduced in order to understand the intergranular surface cracking occurring only at the grain boundaries of the inner surface decarburization zone.
Experimental
Brand-new tubes with a thickness of 7 mm, an outer diameter of 51 mm and a chemical composition of steel ASTM A-106 Grade B were obtained from a heavy industry company in Korea. These are usually normalized at 900°C in order to homogenize the elongated microstructure after hot-extrusion and are hot-bended at about 800°C after normalizing. Additional plain carbon steel plates of 3 mm thickness in which the bulk phosphorus content is mainly different were also prepared through vacuum induction melting and hot-rolling processes. The chemical compositions of the brand-new tubes and the prepared steels are shown in Table 1 . The bulk phosphorus content of the brand-new tubes is a little bit lower than that of Heat 2. Tensile specimens with a dimension of 25 mm (gauge length) × 4 mm (width) × 1.5 mm (thickness), which were machined from the hot-rolled plates, were decarburized for 24 h under a wet hydrogen atmosphere. The decarburization was carried out at 700 and 900°C for 24 h. The specimens of the 1.5 mm thickness were completely decarburized after 24 h. The wet hydrogen atmosphere was simply formed by flowing hydrogen of 5 liter/min and nitrogen of 2 liter/min into water at 50°C. The decarburization was performed in a quartz tube of an outer diameter of 31 mm which was heated with a three-zone tube furnace. After the decarburization, the quartz tube containing the tensile specimens was pulled out from the tube furnace and then air-cooled. For the decarburized specimens, the tensile test was performed at a strain rate of 6.7 × 10 -5 /s in liquid nitrogen, at room temperature and 600°C, in order to investigate changes in fracture behavior with test temperature. The grain boundary segregation behavior of solutes in the decarburization zone was investigated with Auger electron spectroscope (AES, PHI700). AES specimens were fractured after chilling indirectly with liquid nitrogen for about 30 min in a vacuum of about 1 × 10 -7 Pa or better to minimize the post-fracture contamination.
Results and Discussion
Inner and outer surfaces of a tube are decarburized by the oxidation reaction during normalizing under an oxidation or a wet hydrogen atmosphere. Because the decarburization is more active at the outer surface well exposed on the environment, the decarburization zone of the tube is generally thicker at the outer surface. Figure 1 shows decarburization zone depths near the inner and outer surfaces of brand-new tubes and the intergranular surface crack distribution before and after hot-bending. Here, IDZ and ODZ mean the inner and outer surface decarburization zones, respectively. As expected, the decarburization zone depth is much thicker in ODZ, as shown in Fig. 1(a) . Regardless of the axial-and cross-sections, unexpected intergranular cracks were observed only in IDZ before hot-bending. As shown in Fig.  1(b) , the decarburization zone depth in IDZ and the initial crack size increased after hot-bending. Also the intergranular cracks were additionally observed in ODZ after hotbending. The decarburization zone depth at each section and the intergranular surface crack size distribution before and after hot-bending are summarized in Table 2 . While the sound plain carbon steels show a typical transgranular fracture after in-situ fracturing in AES, a mixed fracture mode of intergranular and transgranular was, as shown in Fig. 2 , observed in the decarburization zone of the brand-new tubes. The exposed grain boundary surfaces were contaminated with phosphorus as well as carbon, nitrogen and oxygen. Figure 3 shows schematic diagrams for explaining the surface decarburization reaction in a tube. In Figs. 3(b) and 3(c), C0 is the initial carbon content. Cα and Cγ are the maximum carbon content in ferrite at Tn and the minimum content in austenite, respectively. TA1 is the eutectoid reaction temperature. It is assumed that the length of the tube is infinite and so the decarburization occurs only in the radial direction during decarburization at Tn. The dissolved carbon Table 1 . Chemical compositions of the brand-new tubes and the plain carbon steels (wt.%). content in austenite decreases gradually, as the decarburization time t (t1 < t2 < t3 < t4) increases. When the carbon content at the decarburized free surface falls below Cγ just after the time t1 of Fig. 3(c) , ferrite containing Cα is formed at the surface and the neighboring austenite sustains the carbon content of Cγ. With further decarburization, the planar interface (Ip) between the ferrite and the neighboring austenite moves into the remaining austenite region, and the austenite disappears finally after the time t4 of Fig. 3(c) .
Transformation from Austenite to Ferrite during Decarburization

Stress Development
Arising from γ → α Transformation during Decarburization and Thermal Stress during Cooling During decarburization or during cooling after the decarburization, stress develops due to the volume expansion by the transformation of austenite to ferrite and the temperature difference between the free surface and the interior. During decarburization at Tn, the axial and the circumferential compressive stress distribution is developed in IDZ and ODZ. This is due to the restraint of the neighboring austenite regions against the volume expansion accompanied by the transformation of austenite to ferrite. Meanwhile, the neighboring austenite regions are placed under a tensile stress condition. Therefore, the intergranular surface cracking in IDZ and ODZ can not occur during decarburization at Tn.
On the other hand, because the cooling rate is much faster at the free surface than in the interior during cooling after the decarburization, the temperature decreases abruptly as the location is shifted toward the free surface. As the temperature decreases below Tn, the remaining austenite continues to decompose into ferrite and austenite and the volume expansion accompanied by the transformation decreases overall the compressive stress level developed in the decarburization zones. When the temperature Tc at the midpoint of the tube thickness drops below TA1, the eutectoid reaction of the remaining austenite to ferrite + cementite is completely finished and the compressive stress effect in IDZ and ODZ which arises from the remaining austenite disappears. Instead, the tensile stress is developed throughout the tube thickness, due to the temperature difference between the free surface and the midpoint of the tube thickness. The tensile stress shows a maximum at the free surface, and it decreases gradually as the location is shifted toward the interior.
At a temperature below TA1, ferrite in the decarburization zone which contains an extremely low bulk carbon content is generally softer than ferrite + cementite formed by the eutectoid reaction. Therefore, the axial and the circumferential tensile stress is much higher at the free surface of the thinner decarburization zone, due to the stronger restraint of the inner ferrite + cementite against the contraction arising from the temperature difference between the free surface and the midpoint of the tube thickness. As a result, the intergranular cracks at the free surface of IDZ observed in Table  2 and Fig. 1 is attributed to the higher tensile stress developed below TA1. Figure 4 shows changes in grain boundary segregation concentration of solutes and low temperature fracture behaviors with decarburization temperature and bulk phosphorus content. At 700°C, the grain boundary segregation concentration of phosphorus increased with increasing bulk phosphorus content. The surfaces of the Heat 2 and 3 specimens in-situ fractured in AES showed a typical intergranular fracture mode, while a mixed fracture mode of intergranular and transgranular was observed in the Heat 1. At 900°C, the segregation concentration of phosphorus increased also with increasing bulk phosphorus content and the fracture mode was changed from mostly transgranular to intergranular. The fracture strength in liquid nitrogen decreased gradually with increasing bulk phosphorus content. The segregation concentration of phosphorus was much higher at 700 than at 900°C, which is consistent with the difference in fracture behavior. Unlike 700°C, additional peaks of carbon, nitrogen and oxygen, which are also shown in Fig. 2 , were observed at 900°C. Generally, the grain boundary segregation concentration of solutes increases with increasing bulk content and with decreasing temperature, 2, 3) and the segregation concentration is inversely proportional to the solubility. 9) Therefore, the segregation behaviors of phosphorus, carbon and nitrogen at 700 and 900°C can be understood in this direction. Severely oxidized grain boundaries and interiors near the free surface were only formed after decarburization at 900°C for 24 h. 7) Therefore, the oxygen peak observed only at the grain boundary surfaces of 900°C is probably due to an oxidation atmosphere at 900°C which enables oxygen to diffuse into inner grain boundaries along the surface grain boundaries. The reason why the grain boundary segregation behavior of sulfur is not observed in these systems can be attributed to a null solubility of sulfur in ferrite below 900°C 10) and the reactions H2 + S[dissolved] → H2S and MnS + H2 → Mn + H2S under the decarburization atmosphere containing hydrogen. [11] [12] [13] 
Grain Boundary Segregation of Solutes during Decarburization
Elevated Temperature Intergranular Cracking
Accompanied by Decarburization In order to understand the intergranular cracking phenomenon observed at the free surface of IDZ after the decarburization, the dependence of yield and grain boundary strengths on temperature 14, 15) in bcc metals needs to be introduced in Fig. 5 . There exist two equicohesive temperatures Te1 and Te2 where the yield and grain boundary strengths are the same. Therefore, the intergranular cracking can occur only in the regions Ω1 below Te1 and Ω2 above Te2, while the ductile fracture is observed between Te1 and Te2. If the tensile stress higher than the yield strength is given to the bulk above Te2, not only the intergranular cracking occurs at the grain boundaries, but also the plastic deformation may occur in the grain interior. The grain boundary strength curve is shifted downward, as the grain boundaries are contaminated with the grain boundary embrittlers. Meanwhile, the strength curve is shifted upward, as the grain boundary strengtheners of Mo and W are segregated at the grain boundaries. As a result, the grain boundary segregation of embrittlers, the increase in yield strength and the decrease in strain rate 14) decrease Te2, raising the possibility in the elevated temperature intergranular cracking.
In the Heat 2 specimens decarburized at 700°C for 24 h, ductile and intergranular fracture behaviors were, as shown in Fig. 6 , observed at room temperature and at 600°C, respectively. Therefore, Te2 in the specimens is lower than 600°C due to the intergranular fracture behavior. From Fig.  4 which shows the typical intergranular fracture mode in the Heat 2 and 3 specimens at 700°C and the Heat 3 specimen at 900°C, Te1 of the specimens is higher than -196°C. Meanwhile, Te1 of the Heat 1 specimen at 700°C and the Heat 1 and 2 specimens at 900°C which show the mixed fracture mode of intergranular and transgranular is probably below -196°C. Changes in fracture mode with temperature (i.e., from ductile to ductile + integranular, to integranular and subsequently to intergranular + transgranular) have been well described in a research on 2.25Cr1Mo heat-resistant steels. 16) On the other hand, assuming that the intergranular cracking during cooling after the decarburization occurs at the tube surface at 600°C, the temperature difference between the tube surface and the interior at the instant and the thermal tensile stress at the tube surface may be approximately evaluated, using the thermal expansion coefficient 11.7 × 10 -6 /°C at 600°C 17) and the elastic modulus 211.4 GPa at room temperature 18) which decreases gradually with increasing temperature. Because the yield strength at 600°C was about 75 MPa, the grain boundary strength at the temperature should be at least lower than 75 MPa and so the thermal stress resulting in the intergranular cracking should be higher than the grain boundary strength. When the thermal tensile stress developed at the tube surface that the intergranular cracking occurs at 600°C is assumed to be 75 MPa, the temperature difference between the tube surface and the interior is about 30°C. As mentioned above, because the cooling rate is much faster at the free surface than in the interior during cooling and the strength of the tube interior composed of ferrite + cementite below TA1 is higher than that of the decarburization zone at the free surface, the thermal tensile stress developed at the tube surface at 600°C may exceed 75 MPa. It is finally suggested that during decarburization the grain boundaries in the decarburization zone is embrittled by the segregated phosphorus and during cooling below TA1 after the decarburization the intergranular surface cracking in IDZ of the brand-new tubes occurs in a temperature region between Te2 and TA1 (Te2 < TA1) due to the high thermal tensile stress developed at the free surface.
Summary
After decarburization, the grain boundary segregation concentration of phosphorus in Fe-0.2C-P plain carbon steels increases with increasing bulk phosphorus content and is higher at 700 than 900°C. The reason why the grain boundary segregation behavior of carbon and nitrogen is observed only at 900°C is attributed to the inverse proportionality of their segregation concentration to the solubility. Intergranular surface cracks are formed only in the inner decarburization zone of steel tubes during cooling after the decarburization. This can be understood on the basis of the grain boundaries embrittled by the segregated phosphorus, the thermal tensile stress developed in the decarburization zone and the dependence of yield and grain boundary strengths on temperature. 
